A human mastadenovirus D (HAdV-D) isolated from diarrhoeal faeces of an allogeneic haematopoietic stem cell transplant (SCT) recipient was found to be non-typable by sequencing of loops 1 and 2 of the hexon main neutralization epitope ('imputed serology'). In contrast to HAdV-C, HAdV-D infections are rarely observed in SCT patients. Therefore, the whole genome of this isolate was sequenced and phylogenetically analysed. In addition, microneutralization testing with type-specific antisera was performed. A complete genomic sequence of 35.2 kb in length with a GC content of 57 % was obtained and found to be distantly related to HAdV-D27 (96.25 % identity). Imputed serology implicated a new type with a nucleotide sequence identity of only 96.11 % to HAdV-D37 (loop 1) and 95.76 % to HAdV-D30 and HAdV-D37 (loop 2). Microneutralization testing confirmed that this clinical isolate was not neutralized by HAdV-D37-or HAdV-D30-specific antisera. The penton base gene showed a novel sequence, which clustered with HAdV-D38, but bootscan analysis indicated an intra-penton recombination event with HAdV-D60. Another recombination event was detected within the early gene region E3 with the 12.2 kDa and CR1-a genes derived from HAdV-D58. Moreover, the E4 region was derived from HAdV-D13, but all these genes had evolved significantly from their ancestors. By contrast, the recombinant fibre gene was almost 100 % identical to HAdV-D29. In conclusion, the genomics of this novel HAdV, designated the HAdV-D70 [P70H70F29] prototype, supported the significance of multiple recombinations in the phylogeny of HAdV-D.
INTRODUCTION
Human mastadenoviruses (HAdVs) are classified into the genus Mastadenovirus of the family Adenoviridae. HAdVs are non-enveloped viruses with an icosahedral capsid, containing a dsDNA genome of *35 kb (Swenson et al., 2003) . Currently, there are 69 HAdV types, which have been classified into seven species (HAdV-A to HAdV-G).
Depending on the tropism of the type, HAdVs can cause a multitude of diseases, including respiratory infections, epidemic keratoconjunctivitis and gastroenteritis (Jones et al., 2007; Ryan et al., 2002; Walsh et al., 2009) . Severity of HAdV infections varies from mild localized diseases to life-threatening disseminated disease manifestations, the latter most frequently observed in immunosuppressed allogeneic haematopoietic stem cell (SCT) recipients. HAdV-C clearly predominates in disseminated disease in both adult and paediatric SCT patients (Ganzenmueller et al., 2011; Lion, 2014; Mynarek et al., 2014) .
For classical serotyping of HAdV, neutralization testing (main neutralization epitope e on the hexon) is the gold standard and haemagglutination inhibition assays (haemagglutination epitope c on the fibre) were developed later (Rosen, 1960) . Both assays have to be used in parallel to achieve precise discrimination in serotyping. More recently, nucleic acid sequencing of the e determinant on the hexon gene and the c determinant on the fibre gene have been used as more rapid alternative procedures ('imputed serology') (Madisch et al., 2006) . These classical typing procedures rely on a very limited part of the HAdV genome and therefore can be misleading in the case of recombinant HAdV isolates (Wigand, 1987) .
Identification of novel HAdV prototypes was based almost exclusively on neutralization assays ('serotypes' up to type 51), but nowadays analysis of whole-genome sequence data has evolved as an alternative standard in the identification and characterization of novel multirecombinant HAdV types ('genotypes') (Seto et al., 2011) . Recent studies on novel HAdV types indicate that many genome regions (e.g. E3, E4, penton base and fibre) are far better associated with tropism and virulence of a HAdV type than the hexon gene Walsh et al., 2009) . Therefore, genotyping should give a broader understanding of the clinical relevance of a (novel) HAdV type compared with serotyping, which remains particularly important for seroprevalence studies.
HAdV-D is the largest of the seven species with 44 types. Both recombination between species D types and selection of novel neutralization epitopes ('immune escape') contribute to this diversity (Robinson et al., 2011a Singh et al., 2013) . Except for a few types that cause epidemic keratoconjunctivitis (a severe eye infection), most of the types of HAdV-D are not associated with severe diseases. Many of these types have been isolated from the stools of immunocompromised patients, especially from terminally ill AIDS patients (Lion, 2014) , suggesting that these may be opportunistic pathogens.
A HAdV-D, non-typable by classical serotyping, was isolated from diarrhoeal faeces of an allogeneic SCT recipient in Leipzig, Germany. Whole-genome sequencing and bioinformatics analysis showed multiple recombination events in its phylogeny and the Human Adenovirus Working Group (http://hadvwg.gmu.edu/) has designated it as HAdV-D70.
RESULTS

Molecular typing by imputed serology
A BLAST analysis of hexon hypervariable loops 1 and 2 (neutralization determinant e) indicated 96.11 % identity to prototypes of HAdV-D37 in loop 1 and equivocal identities of 95.76 % to HAdV-D30 and HAdV-D37 closely followed by HAdV-D13 (94.7 %) in loop 2. However, a BLAST analysis of the fibre region sequence indicated that the HAdV-D70 fibre is almost identical to the HAdV-D29 fibre (99.91 % identity). These initial results portrayed HAdV-D70 as an intertypic recombinant because the hexon gene was closely related to HAdV-D37, whereas the fibre gene was derived from HAdV-D29.
Microneutralization testing
Antisera raised against HAdV-D37, HAdV-D30 and HAdV-D13 were chosen for microneutralization testing because of the close relationship of the hexon protein neutralization epitope to the putative novel HAdV-D70. In addition, as fibre epitopes may contribute to the neutralization phenotype, HAdV-D29 antiserum was also used. However, the clinical isolate of HAdV-D70 was not neutralized by any of the HAdV-D30, HAdV-D37, HAdV-D13 and HAdV-D29 antisera.
Nucleotide sequence analysis of the HAdV-D70 genome
In order to reveal the genetic characteristics of HAdV-D70, we performed deep next-generation sequencing of its whole genome (mean coverage 9025-fold). A single contig representing the genome of HAdV-D70 was constructed using de novo assembly. The whole genome of HAdV-D70 was 35 186 bp in length with a base composition of 28.4 % G, 28.53 % C, 22.61 % A and 20.46 % T. The genome was predicted to encode 39 ORFs with an organization similar to other members of the species HAdV-D (Fig. S1 , available in the online Supplementary Material). Similarity analysis using the HAdV-D70 sequence as a query in LAGAN software against all types of HAdV-D suggested multiple recombination events in its phylogeny (Fig. 1) . The complete genomic sequence of HAdV-D70 was deposited in GenBank as KP641339.
Molecular phylogeny of major capsid proteins
Phylogenetic analysis of the major capsid proteins (nucleic acid sequence and deduced amino acid sequence) confirmed results indicated by BLAST and similarity analysis. The hexon gene was most closely related to HAdV-D37 ( Fig. 2a) with an overall 97.51 % identity, but the (deduced) amino acid sequence ( Fig. 2b ) clustered with HAdV-D30 (98.89 % identity). Detailed phylogenetic analysis of the fibre gene confirmed the above-mentioned 100 % identity to HAdV-D29 and HAdV-D63, which is a recombinant genotype (Fig. 3a) .
However, the penton base gene revealed a unique clustering with the HAdV-D38 sequence, but with only 98.23 % identity (Fig. 3b) . A more detailed phylogenetic analysis indicated an additional recombination site within the penton gene. Only the RGD loop was 100 % identical to HAdV-D38, whereas the hypervariable loop 1 sequence clustered with HAdV-D60. This intra-penton recombination event was confirmed by a bootscan analysis of the penton gene, whereas potential recombination sites neighbouring the coding regions could not be precisely localized due to the high sequence identity between HAdV-D types (Fig. S2) . Thus, HAdV-D70 should be designated [P70H70F29] according to recently published rules for genotypes (Seto et al., 2011) .
Molecular phylogeny of HAdV-D70
Phylogenetic analysis of the whole-genome sequence of HAdV-D70 with other prototypes of HAdV-D indicated a common ancestor of HAdV-D27 and HAdV-D28 as the closest relative, with the highest sequence identity to HAdV-D27 (96.25 %) (Figs. 4 and 5a).
Phylogenetically, the E3 region was also closely related to HAdV-D27 (97.77 % identity). As intra-species recombination events within the E3 region are a common feature of HAdV-D , a more detailed bootscan analysis of the E3 region was performed (Fig. S3) . This indicated an intra-E3 recombination event with the ORFs of the 12.2 kDa and CR1-a proteins clustering with type HAdV-D58, and the ORFs of the gp19k, CR1-b, CR1-c, RID-a, RID-b and 14.7 proteins closely related to HAdV-D27 (98.52 % identity). The E4 region clustered together with HAdV-D13 and HAdV-D60 (98.45 and 98.53 % identity, respectively) indicating an additional recombination site between the E3 and E4 regions. This recombination site was confirmed by bootscan analysis of the whole-genome sequence (Fig. 5b) , which also confirmed four other recombination events in the phylogeny of HAdV-D70. Due to the bootscan window size of 1000 bp, which was required for clarity, the abovementioned intra-penton and intra-E3 recombination events were not depicted in the whole-genome bootscan. Altogether seven recombination events were identified in the phylogeny of HAdV-D70.
DISCUSSION
A novel HAdV was isolated from the stool of an SCT recipient presenting with diarrhoea and designated the HAdV-D70 [P70H70F29] prototype. Its complete genome was determined to be 35 186 bp, coding for 39 putative ORFs. Comparison of HAdV-D70 with other HAdV-D genomes identified substantial sequence divergence from these in most of its genome regions. Only the fibre gene was related to another HAdV type with almost 100 % sequence identity, as a result of a (probably recent) homologous recombination with HAdV-D29. On the contrary, the recombinant penton gene, hexon gene, and E3 and E4 gene regions showed noticeable diversity to the respective, most closely related HAdV-D type sequences. These regions have obviously evolved over time following the initial recombination events. Therefore, multiple, consecutive recombination events can be assumed for the phylogeny of HAdV-D70. Recombination is a well-known, naturally occurring event that contributes to the evolution and diversification of adenoviruses (Kajon et al., 2010; Robinson et al., 2009 Robinson et al., , 2011b Yang et al., 2009) . Homologous recombination occurs almost exclusively between the closely related types of the same HAdV species, most frequently observed in HAdV-D. In the case of another HAdV species, HAdV-B, mutation has been shown to play a more important role in the diversification of its types than recombination . However, recombination events leading to the exchange of early gene regions between HAdV-B types can result in new highly virulent subtypes, such as in the case of HAdV-B21a (Hage et al., 2014) .
Homologous recombination between types can be promoted by the ability of adenoviruses to establish persistent infections in humans because these increase the probability of a double infection of host cells, e.g. in the case of an acute HAdV infection of a patient already persistently infected with another HAdV type. For example, persistent infections with HAdV-C types were observed in *78 % of immunocompetent children for months to years after the primary infection (Garnett et al., 2002 (Garnett et al., , 2009 . As anticipated, recombination among circulating HAdV-C types was found to be very frequent (Lukashev et al., 2008) . In the case of severe immunosuppression, e.g. in SCT patients, a persistent HAdV-C infection can reactivate and lead to severe disseminated disease (Lion, 2014; Veltrop-Duits et al., 2011) . Occasionally, similar events likely occur with HAdV-D types (Kajon et al., 2014) .
Long-term shedding of HAdV-D types (indicating persistent infections) was observed in immunocompromised patients, e.g. AIDS patients (Ivanova et al., 2012; Khoo et al., 1995) 
HAdV-D70: a novel multirecombinant mastadenovirus
De Jong et al., 1999; Echavarría, 2008; Hierholzer et al., 1988) , with recent work suggesting that many of these new types are a result of multiple recombination events within their phylogeny (Robinson et al., 2011a . This might have been facilitated by adenovirus persistence in immunocompromised patients and the co-infection of these patients with more than one HAdV-D type. HAdV-D70 was isolated from diarrhoeal faeces of an immunocompromised SCT recipient who may have suffered from a preceding immunodeficiency due to his multiple myeloma.
In spite of multiple recombination events in the phylogeny of HAdV-D70, most parts of its genome were novel HAdV sequences with unique phylogenetic relationships. As the hexon contains the major neutralization epitope e, positive selection for immune escape can result in rapid evolution of the hexon gene (Crawford-Miksza & Schnurr, 1996) . In HAdV-D70, this was most closely related to HAdV-D37 -a type associated with epidemic keratoconjunctitis (de Jong et al., 1981) . However, the ratio of non-synonymous to synonymous mutations (K a /K s 50.152) did not indicate positive selection. Surprisingly, the deduced amino acid sequence of the hexon clustered differently with type HAdV-D30. Different clustering of the hexon protein and nucleotide sequences was confirmed by high bootstrap values (91 and 97 %, respectively), but has not been observed with any other HAdV-D type so far. For molecular typing by imputed serology, analysis of the hypervariable loops 1 and 2 sequences of the major neutralization epitope e is more significant than the clustering of the complete hexon gene sequence (Madisch et al., 2005) . Minimum nucleic acid sequence identity thresholds to the most closely related prototype have been defined for molecular typing with the help of loop 1 (97.6 %) and loop 2 (97.5 %) sequences (Madisch et al., 2005) . Both loop 1 and loop 2 nucleic acid sequence identity data (96.11 and 95.76 % to the most closely related HAdV-D37) suggested that HAdV-D70 was a new type. Different clustering of HAdV-D70 on the amino acid sequence level, with HAdV-D30, was confirmed for loop 2 by a high bootstrap value of 94 %, but not confirmed for loop 1. Nevertheless, the deduced amino acid sequences of loop 2 (97.9 % identity compared with HAdV-D30 versus threshold of 98.8 %) and loop 1 (95.32 % compared with HAdV-D30 versus threshold of 95.8 %) indicated that HAdV-D70 should be a new putative serotype. In accordance with these results, HAdV-D70 was not neutralized by HAdV-D30-and HAdV-D37-specific antisera. In spite of this, HAdV-D70 cannot be designated a 'serotype' by the classical definition (Hierholzer et al., 1991) as cross-neutralization experiments were no longer performed.
In conclusion, the new type 70 is a HAdV-D with multiple, consecutive recombination events in its phylogeny. This supports the hypothesis of persistent infections, at least in immunocompromised patients, facilitating co-infections and thus promoting homologous recombination as a key factor for the evolution of HAdV-D types. HAdV-D70 was isolated from the first stool sample on human lung carcinoma cells A549 (ATCC CCL-185) and collected at 90 % cytopathic effect formation. Viral DNA was extracted from cell culture supernatant using a Qiagen blood kit (Qiagen).
METHODS
Imputed serology by partial sequencing. Initial typing was performed by Sanger sequencing of loop 1 and loop 2 (part of the neutralization epitope) of the hexon gene (imputed serology) and the fibre knob gene as previously described by Madisch et al. (2005) .
Initial serotyping. Type-specific rabbit antisera against HAdV-D30, HAdV-D37 and HAdV-D29 were selected for neutralization testing. Microneutralization assays were performed as described previously (Swenson et al., 2003) .
Next-generation sequencing and bioinformatics. The HAdV-D70 library was prepared using a Nextera XT DNA sample preparation kit (Illumina). Briefly, 1 ng of input DNA was simultaneously fragmented and ligated to adaptors using a transposon-based approach. Adaptor-ligated fragments were amplified for 12 cycles and size-selected using 29 ml of Ampure XP beads (Beckman Coulter). The final library was sequenced on an Illumina MiSeq system (2|300 bp paired-end run). The raw sequence dataset was quality Phylogenetic and recombination analysis. The nucleotide and predicted amino acid sequences were aligned using the MAFFT online server (http://mafft.cbrc.jp/alignment/server/) with default parameters. The alignment was visualized and checked for errors using BioEdit version 7.2. A global pairwise alignment was performed using the mVISTA option as part of the LAGAN toolkit (http://lagan. stanford.edu/lagan_web/index.shtml) (Brudno et al., 2003) . Neighbour-joining phylogenetic trees were reconstructed using MEGA6 with 1000 bootstrap replicates. For nucleotide and amino acid substitutions, the Kimura two-parameter and Poison model were used, respectively.
The ratio of non-synonymous (K a ) to synonymous (K s ) mutations was estimated using the Nei & Gojobori (1986) method as implemented in KaKs_Calculator software (Zhang et al., 2006) .
For recombination detection, the multiple alignments were analysed using a bootscan approach implemented in SimPlot version 3.5.1 (Lole et al., 1999) . For complete genomic analysis, a window size of Approximate positions of the penton base, hexon, fibre coding regions and the E3 gene region are depicted using colour-coded bars. A window size of 1000 bp and a step size of 200 bp were set for analysis using SimPlot. Therefore, short recombinant sequence stretches (e.g. the intra-penton recombination) are not depicted.
